1. Introduction {#s0005}
===============

Autoimmune disorders encompass a wide range of chronic inflammatory conditions and are among the leading causes of disability in the world (report from The Autoimmune Diseases Coordinating Committee of the National Institutes of Health, 2005 at <http://www.niaid.nih.gov/topics/autoimmune/research/Pages/coordComm.aspx>, updated April 30, 2012). These diseases are characterized by an abnormal response of the immune system, which failing to distinguish self from non-self-molecules reacts against organs, tissues and cells of the individual. Although the specific mechanisms triggering each type of autoimmune disease are not completely understood, it is well established that the development and progression of autoimmune disorders is strongly associated with both genetic and environmental factors, which predispose the individual to the disease.

Although each specific autoimmune condition has usually a low incidence, collectively autoimmune disorders affect 14.7 to 23.5 million people in the United States (<http://www.niaid.nih.gov/topics/autoimmune>, updated August 1, 2013) alone. The high burden of autoimmune diseases is exacerbated by the chronic character of these conditions, the impairment in the quality of life of patients and the cost of the available treatments. More effective, safer and affordable therapies targeted at specific molecules and conditions would be ideal characteristics of a good treatment, several of which are under development, but are currently still not available.

Much clinical and experimental research on autoimmune diseases is directed towards the investigation of novel therapies or the improvement of currently available treatments. Owing to the great variability in the mechanisms underlying disease development and progression, current studies focus on the understanding of specific features and molecular pathways associated with each disorder. In particular, the use of therapies targeted at rare or distinctive autoimmune diseases currently represents promising areas of study. One such disease is autoimmune uveitis, an organ-specific disorder characterized by irreversible lesions to the eye. Autoimmune uveitis (AIU) predominantly affects people in their most productive years (from 20 to 50 years of age), and is among the leading causes (approximately 10% of all cases) of visual deficit and blindness. AIU has an incidence of 52.4 per 100,000 and a prevalence of 115.3 per 100,000 habitants in the United States [@bb0005], and is also considered a global socioeconomic problem (The International Uveitis Study Group --- <http://www.iusg.net>, updated November 16, 2013).

The heterogeneity of underlying factors and the variable disease severity of AIU patients reinforce the need for an accurate diagnosis. Although currently available therapies are effective in the treatment of a wide spectrum of uveitis, most are associated with important and severe side effects. In this sense, treatments based on novel molecules or employing well-known molecules, tuning their use to the various hierarchical levels of the immune response, represent promising avenues of research. Moreover, the investigation of alternative or combined treatments focusing on groups of patients with a similar disorder may be also fruitful.

Here, we review ongoing research to treat AIU with promising immunomodulatory therapeutic strategies, highlighting their specific features, interactions and the responses triggered by the targeted immune molecules that aim to minimize clinical complications and the likelihood of disease relapse. For improved comprehension we first review the main features of AIU, diagnostic tools and traditional forms of therapy, as well the animal models predominantly used to understand its pathogenesis and test novel intervention approaches.

2. Autoimmune uveitis {#s0015}
=====================

Uveitis is an inflammation of the uvea, a layer located between the sclera and the retina of the eye that includes the iris, ciliary body, and choroid, but can also extend to adjacent tissues, such as retina, optic nerve, and vitreous humor [@bb0010]. The disease is broadly classified into infectious and non-infectious (which includes AIU) uveitis and in humans, can affect the anterior, intermediate, and posterior portions of the eye [@bb0015]. Furthermore, a series of autoimmune diseases may additionally present uveitis, with overlapping AIU features but also unique characteristics. That is the case for Behçet\'s disease [@bb0020], reactive arthritis [@bb0025], sarcoidosis [@bb0030], and Vogt--Koyanagi--Harada syndrome [@bb0035; @bb0040]. In contrast, AIU is confined to the eye.

In AIU, ocular antigens such as arrestin also known as S-antigen [@bb0045], the interphotoreceptor retinoid binding protein IRBP, and/or recoverin [@bb0050] are exposed and an immune response against these molecules is initiated [@bb0055]. Among the events involved in this response, blood--retinal barrier disruption and retinal antigen recognition by auto-reactive T cells are critical elements. In addition, predisposing MHC class II alleles have been identified in some populations, namely, HLA-DR4, HLA-DR3 and some HLA-DQ alleles [@bb0060]. Under normal conditions, special microanatomical features that characterize the so-called immune privilege of the eye [@bb0065] ensure that retinal molecules are protected from autoimmune responses and that tissue integrity is maintained [@bb0070; @bb0075]. These features include the blood--retinal barrier, the lack of MHC Class II positive professional antigen-presenting cells (APCs) [@bb0080; @bb0085], the absence of a lymphatic drainage, the presence of soluble immunosuppressive factors secreted by ocular cells, such as TGF-β, FasL [@bb0090], PDL-1 [@bb0095], CTLA-4 [@bb0100], CTLA-2 [@bb0105], CD200, CD55, CD46, and decay-accelerating factor (DAF) [@bb0110; @bb0115], the constitutive expression of several of these regulatory molecules, the generation of regulatory T cells [@bb0120; @bb0125; @bb0130; @bb0135], and finally, eye antigen expression in the thymus that counteracts the escape of autoreactive T cells into the peripheral blood [@bb0140].

Although many features of uveitis have been extensively studied, therapeutic interventions that work in animal models have frequently failed due to the heterogeneity of this disorder. Additionally, many of the approaches are not disease-specific leading to enhancement of local and systemic side-effects. Therefore, a precise diagnosis of the type of uveitis is often needed to guarantee the best therapeutic control of the progression of eye lesions. Diagnosis of AIU requires considering multiple factors in the patient\'s history like age and the exclusion of injuries resulting from trauma, infections, or tumors, as well as a detailed laboratory investigation, which should include complete blood count, erythrocyte sedimentation rate, angiotensin converting enzyme and lysozyme levels, serology for syphilis, HLA, and of course, ocular imaging including fundoscopy [@bb0145]. Eligible treatments should also be addressed aiming to minimize ocular complications that lead to decrease in visual acuity and ultimately may cause irreversible blindness. Aggravating features include cystoid macular edema, cataract, glaucoma, retinal vascular abnormalities, macular lesions, retinal detachment, corneal opacities, optic-nerve atrophy, and phthisis that have also been frequently reported [@bb0150].

Current treatments focus on immunosuppressive therapies to control acute inflammation and to ensure the maintenance of long-term remission. Corticosteroids are usually among the first chosen due to their effectiveness at controlling inflammation both in the short term and in the long term. However, a myriad of possible side effects (e.g. weight gain, gastric ulceration, osteoporosis, fluid retention, hypertension, diabetes mellitus, and changes in mental status) as well as ocular *sequelae* (e.g. acceleration of cataract formation and glaucoma) may be observed. More specific therapies have been associated with more positive effects [@bb0155]. Such therapies include the prescription of antimetabolite drugs (including Methotrexate, Azathioprine, Mycophenolate mofetil), T cell and calcineurin inhibitors (cyclosporine, FK506/Tacrolimus), alkylating/cytotoxic agents (cyclophosphamide, chlorambucil), intravenous immunoglobulin and modern immunobiologicals. The latter group includes several agents, such as Infliximab (a TNF-alpha antagonist mouse--human chimeric antibody), Adalimumab (a human antibody developed against TNF-alpha), Etanercept (another TNF-alpha antagonist, but less efficient than Infliximab or Adalimumab), interleukin-2 receptor antagonists such as Daclizumab, as well as interferon-alpha based therapies [@bb0160; @bb0165; @bb0170].

Overall, though considerable success in stemming the clinical progression of uveitis has been achieved, the search for safe and effective alternative therapies and disease-specific interventions are still going on [@bb0155].

3. Animal models of autoimmune uveitis {#s0020}
======================================

Owing to their ability to reproduce specific features of human diseases at diverse levels, from molecules to tissues and organs, animal models have been increasingly used to gain understanding of the pathogenesis of several autoimmune diseases. However, despite the similarities in molecular, morphological, and physiological aspects, a single animal model will often lack the ability to adequately mimic the complexity of mechanisms underlying a human disease. As a result, a number of models are usually combined to explain the many facets of autoimmune disorders.

To this date, several animal models have been used to study AIU (reviewed in [@bb0175; @bb0180]). In the next sections we review the most frequently used models to study the immunopathogenesis as well as some promising systems for evaluation of novel therapies.

3.1. Experimental autoimmune uveitis (EAU) {#s0025}
------------------------------------------

EAU is the most frequently used animal model of uveitis. This T-cell-mediated intraocular inflammatory disease is predominantly induced by immunization with the retinal antigens S-ag and IRBP coupled to Complete Freund\'s Adjuvant (CFA) and a *Bordetella pertussis* toxin (PTX) boost [@bb0185], with a 2-week time of onset. In mice, the resulting disease is mainly confined to the posterior part of the eye, with focal lesions affecting the retina and choroid. Vasculitis and the presence of granulomas in the posterior layers of the eye are often seen and are accompanied by serous detachment of the retina and disorganization of the photoreceptor layer. Severity of EAU is scored on a scale of 0 {no disease} to 4 {maximum disease} in half-point increments, according to a semi quantitative system described previously [@bb0185], according to lesion type, size, and number by histopathology examination of the eyes. Briefly, the minimal criteria for scoring an eye as positive for uveitis is presence of inflammatory cell in the ciliary body, choroids, or retina (EAU grade 0.5); progressive higher grades present discrete lesions in the tissue such as vasculitis, granuloma formation, retinal folding and/or detachment and photoreceptor damage [@bb0185].

Compared to other rodent models [@bb0190], mouse EAU is of longer duration and presents with recurrences, hence facilitating therapeutic handling of the disease [@bb0185].

The genetic predisposition for the development of eye autoimmunity, where only some mice lineages are susceptible to the induction of disease is quite clear in this model. Susceptibility is linked with specific H-2 MHC haplotypes, like H-2^b^ found in C57BL/6 and C57BL/10 mice, H-2^k^ found in B10.BR mice, and H-2^r^ found in B10.RIII mice, with H-2^r^ being the most susceptible, followed by H-2^k^ and H-2^b^ [@bb0175]. EAU susceptibility is also dependent on the pattern of immune response. For example, strains prone to a more exacerbated T~H~1 response are more susceptible than those with predominantly low T~H~1 responses [@bb0195].

As to the involvement of T-cell mediated inflammation cellular features of EAU resemble those of the human disease. T cells are mainly CD4^+^ exhibiting a T~H~1 phenotype in vivo [@bb0200], but are not required for antigen priming and retinal damage. This is suggested by the observation that IFN-γ knockout mice mount a deviant immune response against eye tissues when immunized with IRBP [@bb0205]. Although expected, T~H~2 lymphocytes do not confer resistance to uveitis. Nevertheless, a bias in the immune response towards the T~H~2 response profile has been shown to reduce pathogenic T~H~1 responses [@bb0195]. Recently, many groups have shown the importance of T~H~17 cells in the pathogenesis of AIU [@bb0210; @bb0215; @bb0220]. However it is difficult to determine their real role in the establishment and maintenance of disease, as it seems that both T~H~1 and T~H~17 cells can independently promote the disease onset [@bb0210].

The importance of cytokines both in EAU and in human uveitis is incontestable, but the understanding of their precise effects is a matter of great complexity. For example IFN-γ, the major cytokine of T~H~1 profile, is not required for onset and maintenance of EAU [@bb0205]. In addition, lack of IL-17, the main product of T~H~17 lymphocytes, does not abrogate EAU susceptibility either [@bb0220]. Therefore, it seems that the type of immune response will be driven not by the presence or absence of a particular cytokine, but by the balance of the cytokine milieu in the eye, which comprises IL-1, IL-12, IL-23, IL-4, IL-10 and several others (reviewed in [@bb0225]).

Altogether, these features make EAU an interesting animal model to acquire further understanding on aspects of the immune regulation taking place in the diseased eye.

3.2. Transgenic IRBP-specific T cell model of spontaneous EAU {#s0030}
-------------------------------------------------------------

Recently, a novel EAU model was developed to study basic autoimmune responses occurring in an immunoprivileged site such as the eye [@bb0230; @bb0235]. This spontaneous model uses an IRBP161-180 peptide-specific transgenic T cell receptor mouse model on a B10.RIII background, and shows the hallmarks of the human autoimmune uveitis as judged by histology and fundoscopic analysis. The CD4^+^ T cells infiltrating the uveitic eyes were of an effector/memory phenotype, but the infiltrate also included Th17 inflammatory and extrathymically-derived regulatory T cells. According to the level of transgenes present in the T cell population, disease severity varied. Additionally, in a classic adoptive transfer experiment IRBP-peptide activated Th1 cells could implement the disease in wild type naive recipients [@bb0230], according to the level of transgene in each of the lineages. On the other hand, the time course of the spontaneous disease in this model and also in Aire knockout B10.RIII mice was longer, with an onset of about 6 weeks instead of the usual 2 weeks in the original model [@bb0235]. Thus, even when using the same retinal antigen, time courses, severity of the pathology, and T cell profiles can be quite different, highlighting the variability of the disease.

3.3. Humanized model of EAU {#s0035}
---------------------------

Despite the usefulness of animal models in the understanding of mechanisms underlying the pathogenesis of autoimmune diseases, there are limitations regarding the specificity of effector cells or the genetic background underlying disease development. This is particularly important considering that AIU is more likely to be a group rather than a single disease as disease course and clinical manifestations can be highly heterogeneous. Genetic heterogeneity may underlie much of this variation associated with the clinical disease. For instance, previous evidence has shown a substantial degree of heterogeneity in the HLA *loci* from patients diagnosed with the classical (not linked to Behçet\'s, ankylosing spondylitis, or rheumatoid arthritis) autoimmune uveitis [@bb0240]. HLA-DR4, HLA-DR3 and even some HLA-DQ alleles have been linked with the pathogenesis of the disease in humans [@bb0245; @bb0250].

Humanized models have therefore been established in the last decade as important tools for the study of eye immunology. For example, although T cells from many patients diagnosed with autoimmune uveitis respond to immunization with S-ag [@bb0255], there is currently no mouse model exhibiting a similar response. Conversely, humanized HLA-DR3, HLA-DR4, and HLA-DQ8 transgenic mice can develop uveitis after immunization with retinal antigens [@bb0060]. For example, HLA-DR3 + mice develop the disease following immunization with S-ag. Similarly, HLA-A29 transgenic mice have been also shown to spontaneously develop a retinopathy resembling human birdshot chorioretinopathy [@bb0260].

Taken together, these models were important in the characterization of MHC-class II antigen presentation in AIU and represent the bottom line for studies aiming to identify relevant auto-antigenic epitopes and the establishment of antigen-specific immunotherapies.

3.4. Endotoxin-induced uveitis {#s0040}
------------------------------

In this animal model, uveitis is not induced by immunization with any retinal antigen to trigger autoimmunity, suggesting that the observed inflammatory response may be due to other mechanisms. In Lewis rats, the induction is achieved by immunization with lipopolysaccharide (LPS) [@bb0265] and in mice, immunization is carried out with a *Salmonella typhimurium* endotoxin, indicating an important role for the innate arm of immune response. In both rodent models the resulting disease is an anterior uveitis of short duration, which does not resemble any specific human uveitis. Although this model does not duplicate all the features of the human anterior uveitis, pathways activated during the innate response can be elicited by its use. Hence, its importance during disease onset, not only in the anterior uveitis but also in other types of uveitis might as well be studied using this model.

3.5. Experimental melanin protein-induced uveitis {#s0045}
-------------------------------------------------

In this rat model of uveitis, the disease induction is achieved by immunization with melanin protein in CFA or Hunter\'s Adjuvant and a PTX boost [@bb0270; @bb0275; @bb0280]. The resulting disease is characterized by infiltration and damage of the anterior portion of the eye by CD4^+^ and CD8^+^ T cells, macrophages and neutrophils. Clinical manifestations start approximately 14 days after disease induction and are very similar to those found in human anterior uveitis, including iritis and iridocyclitis, but with no retinal commitment.

This model comprises important innate immune response features and has been useful to clarify the role of nitric oxide (NO) in eye inflammation [@bb0280], to evaluate specific therapies aiming at the NO pathway, and even to achieve a better understanding of the differences between anterior and posterior uveitis.

3.6. TAM-receptor knockout mice {#s0050}
-------------------------------

The TAM family of receptor tyrosine kinases is involved in the control of dendritic cell cytokine signaling [@bb0285] and the knockout of three receptors of this family (TAM TKO) has been shown to lead to multi-organ autoimmune disease in mice [@bb0290]. Recently, Ye and colleagues demonstrated that TAM TKO mice usually develop eye inflammation and are more susceptible to immunization with IRBP peptides. These mice show postnatal degeneration of the ocular photoreceptor layer and cellular infiltration by T lymphocytes and macrophages. Moreover, IRBP-specific T lymphocytes are found in these mice, explaining their high susceptibility to the development of uveitis even when induced by low doses of IRBP [@bb0295].

As in this model disease develops spontaneously it may provide an important tool to understand the role of the environment in overall vulnerability for autoimmunity in the eye. It may also help unravel the contribution of a deregulated population of APCs to the onset and maintenance of disease.

4. Immunomodulation strategies for non-infectious uveitis {#s0055}
=========================================================

Strategies focusing on diverse immunomodulatory targets for treatment of autoimmune diseases have been reported in humans and in experimental models. The main goal of these approaches is to control the acute immune and inflammatory responses and to dampen chronic responses. These avenues have been explored also in inflammatory ocular disorders [@bb0300]. Furthermore, exploratory research and clinical trials have targeted either the blockade of effector pathways or of their companion co-stimulatory molecules at different checkpoints of the immune response. Examples of targets evaluated are T cell receptors (CD3), their costimulatory receptors (CD28, CTLA-4) and corresponding ligands (B7-1 and B7-2, also known as CD80 and CD86), and cytokines like IL-2 and their receptors. Here, we summarize the available evidence on effectiveness of these treatments in human and experimental uveitis.

4.1. The IL-2/IL-2R pathway {#s0060}
---------------------------

IL-2 is a 15 kDa α-helical cytokine produced predominantly by activated T lymphocytes. It binds to the IL-2 receptor (IL-2R), which is formed by three subunits: α (CD25), β (CD122), and the common γ (CD132) chains (reviewed in [@bb0305]).

IL-2 has several functions in the development and maintenance of the immune system. Initially, this cytokine was known for its ability to promote the growth and clonal expansion of all T cells. However, many years of research have shown that IL-2 is also essential for the maintenance of regulatory T cells in the periphery and for the control of T~H~17 and follicular helper T cells (reviewed in [@bb0310]).

Because of such a central role in the control of the immune response, many efforts have targeted the IL-2 pathway as a means to control disease progression. By the time the first studies using IL-2 blockade or chimeric IL-2 toxins were conducted using experimental models of autoimmune disease, it was already known that a large proportion of eye-infiltrating cells in an EAU model bore high amounts of IL-2R [@bb0315]. These facts led Roberge and colleagues to inhibit EAU with an IL-2 chimeric toxin [@bb0320]. If treatment was initiated 7 or 10 days after induction of disease this therapy resulted in lesser incidence and disease severity in a rat EAU model. The efficacy of this approach was then confirmed with monoclonal antibodies directed against IL-2R [@bb0325; @bb0330].

In humans, treatment became available with a humanized antibody directed against the α chain of the IL-2R (Daclizumab). At first, a phase I/II clinical trial was conducted, which showed that following 12 months of Daclizumab, 8 of 10 patients diagnosed with chronic severe sight-threatening intermediate and posterior uveitis had their disease under control and immunosuppressive agent dosage could be abated with no major side effects. In some cases of anterior uveitis, however, patients responded to cyclosporin but not to Daclizumab, suggesting that different mechanisms are involved in this subtype of uveitis [@bb0335]. Subsequent clinical trials have achieved similar results [@bb0340; @bb0345; @bb0350], supporting the use of Daclizumab as a valid immunotherapy for some, but not all AIU patients.

4.2. Anti-CD3 therapy {#s0065}
---------------------

Based on a similar rationale, namely aiming at a widespread downregulation of effector T cell responses, antibodies targeting CD3 molecules have been the focus of research on treatment of autoimmune disorders since the first antibody specific for humans was produced in 1979, by Kung and Goldstein [@bb0355]. Anti-CD3-induced tolerance has long been investigated (reviewed in [@bb0360]). Continuous research efforts directed towards the production of safer anti-CD3 antibodies, such as the humanized antibodies with mutated Fc regions, as well as extensive work on tolerance induction, led anti-CD3 antibodies to form a new category of immunotherapeutic agents used to treat autoimmune diseases as well as to ensure long-term survival of organ allografts [@bb0360].

In animal models, the use of oral anti-CD3 was able to suppress experimental autoimmune encephalomyelitis in a mouse model that could be explained by the induction of CD4^+^CD25^−^LAP^+^ regulatory T cells in a TGF-β-dependent fashion [@bb0365]. Additionally, the use of nasal anti-CD3 ameliorated systemic lupus erythematosus in two different mice models by inducing IL-10. In this case IL-10 was secreted by CD4^+^CD25^−^LAP^+^ regulatory cells, which downregulated follicular helper T cells and probably led to the observed tolerance [@bb0370]. Success using anti-CD3 was also obtained in animal models of diabetes [@bb0375; @bb0380].

In humans, clinical improvement of type 1 diabetic patients was observed after treatment with an anti-CD3 monoclonal antibody (hOKT3γ1(Ala-Ala); Teplizumab) and did not require use of any other immunosuppressive treatment during a 2-year follow-up [@bb0385]. Likewise, psoriatic arthritis patients treated with a similar anti-CD3 antibody showed better clinical outcome after a two-week treatment [@bb0390].

Despite the widespread use of anti-CD3 to treat autoimmunity, there is only one study testing its effectiveness in uveitis. Using the EAU model in B10.RIII mice, Ke and colleagues [@bb0395] demonstrated that anti-CD3 was able to ameliorate disease. The anti-CD3 used was directed against the invariant CD3ε chain and was unable to bind Fc receptors. The antibody given intraperitoneally for 6 or 10 days after disease induction was able to suppress EAU development in both treatment schemes, indicating its effectiveness during disease onset and upon priming of T cells. Additionally, long-term tolerance in the treated mice was achieved.

Although further research is needed to confirm these findings for other treatment schemes (such as different administration routes or under the association with other immunomodulatory drugs), the results indicate that anti-CD3 might be a promising immunotherapy for the treatment of uveitis. An important issue remaining concerns the adverse effects caused by CD3 treatment, the development of anti-drug antibodies, and the contrasting results obtained in preclinical and clinical trials [@bb0400; @bb0405].

4.3. The CD28, CTLA4, and B7 costimulation trinity {#s0070}
--------------------------------------------------

CD28, a membrane protein belonging to the well-known family of co-stimulatory molecules, transduces signals, which act synergistically as a second signal with the T cell receptor complex to activate naïve T cells. CD28 is constitutively expressed in most of CD4^+^ and in 50% of CD8^+^ T cells in humans; additionally, it is found in all mouse naïve T cells [@bb0410]. The CD28 co-stimulator receptor is a homodimer structured by disulfide bonds on the T cell surface that binds to the B7-1 (CD80), B7-2 (CD86), and ICOS-L (B7RP1) molecules expressed in activated APCs [@bb0415; @bb0420]. B7-1 and B7-2 receptors are up-regulated by inflammatory as well as antigen-specific signals and act as ligands for both CD28 and cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) expressed on T cells [@bb0415].

CD28 enhances distinct T cell responses, which include survival and clonal expansion, IL-2 cytokine production, and naïve T cell differentiation into effector and memory phenotypes. In fact, there have been many reports on successful immunosuppression achieved by the blockade of the CD28/B7 pathway during treatment of autoimmune diseases, rejection of grafted organs, and in graft versus host disease [@bb0425]. However, the importance of pre-clinical and clinical studies even with promising therapeutic agents are highlighted by the extremely severe events that occurred during the phase I study of the superagonistic anti-CD28 antibody TGN1412 in six healthy human volunteers. The treatment caused massive trapping of T cells in spleen and lymph nodes in both rats and men, but the human volunteers, differently from the non-human primates tested suffered a massive cytokine storm and multiorgan failure which counteracted the possible benefits derived from the expected induction of regulatory T cells [@bb0430; @bb0435].

CTLA-4 (CD152) is structurally very similar to CD28, but differs in the binding affinity and temporal expression (reviewed by [@bb0425]). It is constitutively expressed on the surface of regulatory T cells and is induced upon activation of CD4^+^ and CD8^+^ T lymphocytes [@bb0440; @bb0445] and is responsible for inhibiting the CD28-induced signals to competitively downregulate and ultimately block the T cell response by specific binding to B7. Accordingly, CTLA-4 knockout mice present enhanced T cell activation and proliferation and an increased incidence of systemic autoimmunity [@bb0450].

Due to the fact that both CTLA-4 and CD28 recognize and act through the same B7 molecules expressed on the surface of APCs, the opposite signals generated by these costimulatory molecules have been the focus of many studies. CTLA-4 blockade with monoclonal antibodies such as Ipilimumab and Tremelimumab leads to increased effector T cell activity and this approach is being used in several types of malignancies (reviewed in [@bb0455; @bb0460]), in both pre-clinical and clinical studies. In other words, the contrasting effects induced by blockade of CD28 and CTLA-4 confirm that, in the latter case, the approach does not apply to treatment of autoimmune diseases. Indeed, colitis was one of the more common adverse effects associated with this treatment [@bb0455].

Inhibition of immune responses via blockade of the CD28 receptor B7 (CD80 and CD86), however, remains a valid option for autoimmune diseases, and is being explored through the use of Abatacept (CTLA-4-Ig), a second generation recombinant fusion protein consisting of CTLA-4 and a modified Fc fragment of human IgG1 [@bb0465; @bb0470] that binds to both CD80 and CD86. Abatacept is approved by the Food and Drug Administration (FDA) for treatment of rheumatoid arthritis and juvenile idiopathic arthritis [@bb0470; @bb0475] and shows promising results in the case of systemic lupus erythematosus (SLE) patients [@bb0465].

It has become apparent however, that due to its capacity to bind both receptors, Abatacept blocks not only the CD28-mediated activation of effector cells, but also an important subset of regulatory T cells which function through CTLA4--CD80 signal transduction (reviewed in [@bb0480]). A newer generation of CTLA-4Ig antibodies addresses the issue of the double CD28 and CTLA-4 blockade aiming to enhance preferential binding of the therapeutic antibody to CD86 over CD80 [@bb0485]. This version (LEA29Y) of the molecule carries two amino acid changes and has been developed trying to increase the binding avidity for CD86 [@bb0490; @bb0495]. This change may be important because CD86 appears to be the dominant costimulatory ligand in a number of experimental models and, in treating mouse models of autoimmune disease, inhibition via CD86 was more effective than inhibition via CD80.

There are only few reports on the role of the CD28/B7 pathway in ocular autoimmune conditions that suggest CD28 may be a promising molecule for the treatment of AIU [@bb0485]. One of the trials [@bb0500] showed a percentual increase in co-stimulatory molecules, that is, of CD28, B7-1, and B7-2 positive cells in the eye biopsies of patients with ocular cicatricial pemphigoid (OCP), a chronic autoimmune disease affecting mucosal areas, including ocular (which represent about 70% of cases) and skin manifestations [@bb0505]. Authors suggested that these molecules contribute to the sustained immune activation in the OCP conjunctiva.

Intervention with anti-B7 antibodies was tested in EAU B10.A mice and led to disease remission [@bb0510]. Data were confirmed in an elegant study showing the efficacy of a combined anti-B7-1 and B7-2 treatment. Authors complemented these experiments evaluating the protection against EAU in B10.A mice in vivo with anti-CD28 antibodies. However, although these approaches were able to control effector immune responses they failed to reverse disease when mice were challenged with IRBP [@bb0515]. In another study, CTLA-4-Ig significantly decreased the average score when compared to saline-treated animals in an EAU model [@bb0520]. Additionally, Abatacept was shown to abrogate eye inflammation in cases of JIA-associated uveitis [@bb0525; @bb0530]. Taken together, these findings support promising results with CTLA-4Ig in the treatment of ocular autoimmune disorders.

4.4. Blockade of other co-stimulatory pathways {#s0075}
----------------------------------------------

Blockade with other co-stimulatory molecules such as ICOS and PD-1 have also been essayed, with variable results.

PD-1 is a receptor broadly expressed in T and B cells and is involved in limiting T cell responses, and therefore may have a role in autoimmunity scenarios [@bb0455; @bb0535]. As occurs with CTLA-4:B7 the blockade of PD-1:PD-L1 leads to an enhancement of T cell activity, and is being explored in cancer therapy [@bb0540]; the first trials in humans with the BMS-936558 antibody were recently concluded [@bb0455; @bb0540]. In contrast, the use of surrogate PD1 ligands was shown to induce immunosuppression in multiple sclerosis [@bb0545], autoimmune glomerulonephritis [@bb0550], and SLE mouse models [@bb0555]. However, no studies on ocular autoimmunity have been carried out up to this date.

ICOS is also a co-stimulatory molecule from the CD28 family, but does not bind strongly to either B7-1 or B7-2 [@bb0420]. Instead, the major ICOS ligand is B7RP-1 and its engagement enhances cell activation and stimulates the production of inflammatory cytokines [@bb0560]. Accordingly, ICOS:B7RP-1 blockade dampened autoimmunity in experimental autoimmune encephalitis [@bb0565], in a (NZBxNZW)F~1~ mouse model of SLE [@bb0570], and in EAU [@bb0575]. The current understanding of overall T cell-driven immune responses in the autoimmune setting, however, points to a minor role of these pathways, and CD28 blockade remains a major therapeutic target.

4.5. Blockade with anti-CD28 Fab′ fragment {#s0080}
------------------------------------------

A recurrent issue in all these studies is the overlapping profile of therapeutic antibodies like Abatacept that bind to both CD80 and CD86, interrupting the function not only of the pro-inflammatory pathogenic T cells, but also of the protective regulatory T cells. Furthermore, as CTLA-4 is crucial for downregulation of the same T cells activated via CD28 costimulation, the outcome of trials with these antibodies can be quite disappointing. Ideally, a molecule should be effective in blocking CD28-based signal transduction while bypassing CTLA-4.

Therefore, exploratory research on the CD28 molecule has attempted to generate more specific effects, avoiding interference with the closely related CTLA-4. As CTLA-4 is a major player in the downregulation of the immune response mediated by the subpopulation of regulatory T cells, a directed inactivation via CD28 of effector T cells could result in a concomitant enhancement of the Treg population. The increase in molecule specificity might also favor long-term effects and increased intervals between intakes of the therapeutic products leading to safer immunobiological compounds to intervene in chronic degenerative processes [@bb0580].

Effimune, a French Biotech Company is developing a novel molecule that targets CD28 [@bb0585; @bb0590; @bb0595]. FR104, a CD28 antagonist monovalent Fab′ antibody, has shown preclinical efficacy suppressing effector T cells while enhancing regulatory T cell function and immune tolerance in a humanized GVHD mice model [@bb0600]. There is evidence that FR104 does not act upon the inhibitory CTLA-4 and PDL-1 pathways, as evidenced by the increased frequency of CD4^high^CD127^low^ FoxP3, i.e. regulatory T cells in the peripheral blood [@bb0600]. This novel humanized pegylated Fab′ antibody fragment presented a long half-life in monkeys and was proven immunologically safe. All these features make FR104 a good candidate for further preclinical and clinical investigations on different autoimmune conditions.

FR104 is currently under study by an European Community-sponsored multicentric group of researchers (project TRIAD --- for more information see <https://www.triad-cd28.eu/effimune.php>, updated 12/11/2013), in which our team participates studying the effect on the mouse model of EAU on the B10.RIII background as described below.

B10.RIII mice were immunized subcutaneously with the IRBP 161-180 peptide emulsified in Complete Freund\'s Adjuvant, plus a *B. pertussis* toxin boost and were then treated with the murine FR104 analog mPEG-PV1Fab′ (PV1) after the onset of disease. Histopathology analysis showed that the general disease score was significantly lower in the PV1-treated group when compared with its untreated counterpart and an impact upon incidence of the disease was also observed in the PV1-treated group. This effect seemed to correlate with higher frequencies of naïve T lymphocytes infiltrating the eyes of the mice and lower frequencies of activated T cells (results not shown). Thus, treatment with PV1 might be modulating T cell activation and memory generation ([Fig. 1](#f0005){ref-type="fig"}). These preliminary results are highly encouraging and indicate that blockade of CD28 signaling in autoimmune uveitis with this novel immunobiological may become an additional therapeutical option.

5. Conclusion {#s0010}
=============

There is great interest in the understanding of the mechanisms involved in the initiation and progression of autoimmune diseases, particularly in light of the need to uncover novel and more specific treatments targeted at the modulation of key molecules involved in disease pathogenesis. Additionally, individual approaches that take into account specific immunological profiles are ideal to improve therapeutic effectiveness and prevent systemic and non-related side effects associated with available immunosuppressive therapies.

The present review shows that current research on AIU is diversified, aiming at multiple aspects of disease pathogenesis. As T cells have a central participation in the development of uveitis, encompassing the recognition of retinal antigens to the genesis of immunological memory, intervention schemes focused on lymphocyte signaling pathways are encouraging. Among them, the more promising strategies are targeted at the IL-2 cytokine involved in disease progression and also at the CD28/B7 molecular pathway, bypassing the antagonistic CTLA-4 signal transduction.

Take-home messages {#s0085}
==================

•Autoimmune uveitis is a T-cell mediated disease caused by immune responses against ocular arrestin, interphotoreceptor retinoid binding protein and/or recoverin.•Experimental autoimmune uveitis in genetically susceptible mice exhibits focal lesions affecting retina and choroid, with vasculitis and granulomas, serous detachment of the retina and disorganization of the photoreceptor layer.•Research and clinical trials aim at the blockade of effector pathways or of their companion co-stimulatory molecules, such as CD3 T cell receptors and their costimulatory CD28, CTLA-4 receptors and corresponding ligands, and the IL-2 pathway.•FR104, a CD28 antagonist monovalent Fab′ antibody, has shown preclinical efficacy suppressing effector T cells while enhancing regulatory T cell function and immune tolerance in autoimmune disease models.
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![Summarizes the preliminary data from our group showing that in an autoimmune uveitis B10.RIII model, treatment with a murine analog of FR104 (Effimune) protects against severe disease when compared to untreated mice. Moreover, this effect seems to be associated with higher frequencies of naïve T cells infiltrating the eyes of the treated mice, suggesting that the CD28 blockade by this novel Fab′ ´CD28 antagonist prevents a full activation of T cells, rendering them in a naïve state. Furthermore, this effect appears to be associated with a dampened memory formation. Thus, the T cells from treated mice infiltrate the eyes but cannot induce a potent inflammatory response, restoring immune equilibrium in the eyes and protecting against disease progression.](gr1){#f0005}
